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Abstract. The optical and magnetic properties of nano-LaFeO3 powders prepared by a starch 
assisted soft-chemistry synthesis and corresponding ceramics have been investigated. 
Magnetic measurements on LaFeO3 powders with crystallite sizes of 37−166 nm show 
pronounced magnetization hysteresis loops. Measurements at 300 K reveal that the coercivity 
(Hc) of 19−32 kOe depends on the crystallite size, whereas the low remanence values (Mr) of 
roughly 0.2 emu/g and the maximal magnetization (Mmax) at 90 kOe of 1.05−0.85 emu/g are 
only slightly changing. Investigations at 10 K reveal a loop shift (exchange bias) up to 12 kOe 
in the negative direction depending on the crystallite size. Ceramic bodies, sintered at ≥ 1300 
°C possess a considerably reduced hysteresis loop. Hc is decreased up to 3.0 kOe, whereas Mr 
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and Mmax are slightly increasing. None of the samples reaches saturation at 90 kOe indicating 
an anti-ferromagnetic ordering of the spins. The optical band gaps of the LaFeO3 samples 
were determined by means of diffuse reflectance spectra. For all LaFeO3 powders similar 
band gaps of 2.65 eV were observed. However, ceramics with grain-size significantly larger 
than 250 nm show smaller band gap values up to 2.12 eV. 
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1. Introduction 
Perovskite materials based on lanthanum orthoferrite (LaFeO3) are of great importance 
because of their broad application potential in advanced technologies. Substituted LaFeO3 
compounds have been studied as membrane-reactor material for the partial oxidation of 
methane to syngas [1,2]. LaFeO3 based materials reveal catalytic potential for the 
decomposition of e.g. hydrocarbons, chlorinated Volatile Organic Compounds (VOCs) or in 
the reaction between NO and CO [3,4,5,6]. They are also promising candidates as catalysts in 
heterogeneous Fenton-like reactions to generate ⋅OH radicals from H2O2 [7,8]. Due to the 
small band gap LaFeO3 can be used in photocatalytic applications [9,10,11]. Furthermore, 
lanthanum orthoferrites are also applied as sensor materials [12,13,14] and as electrode 
material in Solid Oxide Fuel Cells (SOFCs) [15,16,17,18].  
LaFeO3 is a canted G-type anti-ferromagnet with a Néel temperature of 467 °C [19]. At room 
temperature it crystallizes in an orthorhombically distorted perovskite lattice. 
To obtain fine-grained/nano-sized LaFeO3 powders several wet-chemical syntheses have been 
developed such as precursor methods [20,21,22,23] sol-gel and combustion routes [9,24,25, 
26] or by a microemulsion route [5,27].  
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Optical band gap (Eg) values between about 2.1 and 3.85 eV have been reported for LaFeO3 
[9,10,25,28,29,30,31]. The optical band gap depends on preparation method and particle size 
[32,33]. On the other hand, the band gaps of LaFeO3 were determined by different techniques, 
what might be one of the reasons for deviating values. Calculations based on the local spin 
density approximation (LSDA) by Shein et al. [34] and Yang et al. [35] resulted in band gaps 
of 2.52 eV and 2.1 eV, respectively. 
The aim of this paper is to investigate the magnetic and optical properties of nano-sized 
LaFeO3 prepared by a simple and fast preparation route using starch as a complexation agent 
as reported in a previous paper [36]. Additionally, coarse-grained LaFeO3 ceramic bodies 
obtained by an additional sintering step were studied. The optical band gap and the field-
dependent magnetization were measured with respect to the particle size as well as to the 
calcination-/sintering conditions. 
 
2. Experimental 
2.1. Material preparation 
LaFeO3 samples were prepared by a decomposition process using starch both as complexation 
agent and gellant as described elsewhere [36]. Briefly, La(NO3)3⋅6H2O (0.006 mol, Merck) 
and Fe(NO3)3⋅9H2O (0.006 mol, Merck) were dissolved in 15 ml water and 2 g soluble starch 
(Sigma-Aldrich) was added. The resulting suspension was continuously stirred on a heating 
plate at room temperature for 15 min. Afterwards the temperature was raised to about 120 °C 
and the mixture was stirred until it turned to a highly viscous orange gel.  
The obtained (LaFe)-gel was calcined in static air up to 1000 °C (heating-/cooling rate 5 
K/min) as summarized in Tab. 1 (powders 1a−1e). The LaFeO3 powder 1a calcined at 570 °C 
for 2 h was used to produce ceramic bodies (S1−S6). For that purpose powder 1a was mixed 
with 5 mass% of a saturated aqueous polyvinyl alcohol (PVA) solution as a pressing aid, 
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pressed into pellets and sintered between 1200 and 1450 °C for 1 and 10 h with a heating-
/cooling rate of 5 K/min in static air [36].  
Chemical analyses (gravimetry, complexometry [37,38]) of the samples indicated a La/Fe 
ratio of 0.998. 
 
2.2. Characterization 
The specific surface area was determined using nitrogen three-point BET (Nova 1000, 
Quantachrome Corporation). The equivalent BET particle diameters were calculated 
assuming a spherical or cubic particle shape [39]. Diffuse reflectance spectra were obtained at 
room temperature in the range 380−1000 nm using a Perkin Elmer UV−VIS spectrometer 
Lambda 19. BaSO4 was used as a white standard. Magnetic measurements were carried out 
using a Quantum Design PPMS 9. The magnetizations were measured at 300 K and 10 K with 
magnetic field cycling between −90 and +90 kOe. 
 
3. Results and discussion 
3.1. Samples characterization 
In a previous paper [36] we have already reported on the temperature-dependent phase 
evolution of LaFeO3 nano-scaled powders and their sintering behaviour resulting in ceramic 
bodies. In this contribution we describe the magnetic and optical properties of these samples. 
Table 1 summarized the calcination conditions, the specific surface areas, and the particle-
/crystallite sizes of these powders. At the lowest calcination temperature of 570 °C powder 1a 
possesses a BET surface area of 25.7 m2/g and a crystallite size of 37 nm. TEM images 
revealed an agglomerated powder with porous features. The individual particles are mainly in 
the range of about 20 to 60 nm. Up to 1000 °C (powder 1e) the BET surface area decreases to 
6.5 m2/g and the crystallite size increases to 166 nm. Ceramic bodies were obtained by 
pressing powder 1a to compacts followed by sintering between 1200 and 1600 °C for 1 and 
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10 h in air. Sintering conditions, relative densities and the grain size ranges are also listed in 
Tab. 1. 
 
3.1. Magnetic measurements 
Fig. 1 exemplarily shows the magnetization (M) depending on the applied magnetic field (H) 
at 300 K for the LaFeO3 powders 1a, 1b, and 1e. The samples 1a−1e show hysteresis loops at 
300 K with low remanences (Mr) of about 0.2 emu/g and large coercivities (Hc) up to 32 kOe. 
We found that the coercivity depends on the calcination temperature and thus on the 
crystallite size and reaches a maximum at a crystallite size of 106 nm (900 °C). Further 
calcination at 1000 °C (crystallite size 166 nm) results in a slight reduced coercivity as 
depicted in Fig. 2. The remanence varies only slightly with the crystallite size and the 
magnetization at 90 kOe (Mmax) decreases with raising crystallite size (Tab. 2). Obviously, no 
saturation is reached but the magnetization increases almost linearly with H. 
Magnetic measurements at 300 K on the ceramic bodies made from powder 1a show that the 
area of the hysteresis loop is strongly reduced for sintering temperatures ≥ 1300 °C (Fig. 3, 
Tab. 2). Mmax and Mr first increase with raising sintering temperature but above 1300 °C they 
change only slightly. It can be seen from Table 2 that the sintering time has only a marginal 
influence on Mmax and Mr, respectively. In contrast, the coercivity decreases both with 
increasing sintering temperature and sintering time.  
The magnetic behaviours of the ceramic bodies at 10 K are similar to the ones at 300 K. The 
values of Mr, Hc, and Mmax are only slightly higher by trend (Tab. 2). In contrast, in magnetic 
measurements of the LaFeO3 powders (1a−1e) at 10 K we found different coercivity values 
for decreasing and increasing fields as demonstrated for powder 1d in Fig. 4a. This exchange 
bias-like behaviour results in a significant shift of the M−H loops (∆Hc) in the negative 
direction with respect to the origin (H = 0). In consideration of the studies of Nogues and 
Schuller [40] and Leslie-Pelecky and Schalek [41] the coercivity shift is defined as ∆Hc = 
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0.5(Hc(df) + Hc(if)), where Hc(df) is the coercivity at decreasing field and Hc(if) is the 
coercivity at increasing field, i.e. powder 1a has coercivity values of −14.4 kOe (Hc(df)) and 
+0.48 kOe (Hc(if)) resulting in ∆Hc = 7.0 kOe. ∆Hc was found to depend on the crystallite size. 
For very small sizes between about 40 and 60 nm ∆Hc increases to a maximum of 12.3 kOe 
while for larger crystallite sizes ∆Hc decreases (Fig. 4b). An analogous behaviour was also 
found for nano-sized NiO particles, BiFeO3, Bi2Fe4O9 and for nano YFeO3 [42,43,44,45]. 
Wang and Gong [46] reported on a small loop shift for LaFeO3 nano-spheres, and loop shifts 
up to 1.5 kOe were observed in nano-LaFeO3 prepared by a sol-gel route [47]. As a result of 
the exchange-bias like shift and the resulting asymmetry of the hysteresis curve the values of 
the maximum magnetization at H = +90 kOe and −90 kOe are different. For powder 1a Mmax 
is 1.36 emu/g for H = +90 kOe while at H = −90 kOe Mmax accounts to only 1.08 emu/g. The 
difference in the maximal magnetizations (∆Mmax) at H = +90/−90 kOe decreases with raising 
particle size similar to the development of ∆Hc (Fig. 4b). Additionally we observed that ∆Hc 
depends on the number (n) of field cycles. ∆Hc decreases with the number of consecutive 
hysteresis loops as demonstrated for powders 1a and 1e in the inset in Fig. 4b. This so-called 
training effect is often observed in ferromagnetic/antiferromagnetic thin films [40,48,49] and 
also in e.g. NiFe2O4/NiO nano-composites [50] and core-shell Fe/Fe3O4 nano-particles [51]. 
Manna et al. [52] and Passamani et al. [53] found the training effect in Mn-doped BiFeO3 
nano-particles and in ball-milled NiFe2O4 nano-particles, respectively. In general, loop shifts 
occur in materials with ferromagnetic/anti-ferromagnetic interfaces (exchange bias) [40,54]. 
Ahmadvand et al. [47] discuss an exchange coupling between a ferromagnetic-like shell and 
an antiferromagnetic core in nano-LaFeO3 particles. From the results above the loop shift is a 
finite size effect. Nanoparticles exhibit a large disordered surface with reduced coordination 
of surface spins. Calculations by Kodama et al. [42] on NiO nanoparticles showed that the 
loop shift originates from the interaction between the reduced coordinated surface spins and 
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the core. Therefore, we did not observe any shift of the hysteresis loops for LaFeO3 ceramic 
bodies because of their large grain sizes. 
The magnetization curves of all samples both at 300 K and 10 K clearly show that up to 90 
kOe the saturation magnetization is not yet reached, indicating mainly an anti-ferromagnetic 
ordering of the spins [30,55]. Additionally, the shape of the hysteresis loops is characteristic 
for a canted anti-ferromagnet in which due to the canting an uncompensated moment remains 
leading to a weak ferromagnetic characteristic [19,56,57]. That behaviour is also observed in 
other LaFeO3 samples as well as in Bi- and Y-orthoferrites [43,47,58]. 
 
 
3.3. Diffuse reflectance measurements 
Fig. 5 shows the diffuse reflectance spectra of selected LaFeO3 powders 1a, 1c, and 1e 
showing strong visible-light absorption. The Kubelka−Munk theory was used for analysis of 
the diffuse reflectance spectra. It combines the reflectance data with the absorption coefficient 
as shown in equation 1 [59,60]: 
 
F(R) = 
s
α
= 
R
R
2
)1( 2−
  (1) 
 
where F(R) is the Kubelka−Munk function, R the reflectance, α the absorption coefficient and 
s is the scattering factor. Since the scattering factor is wavelength independent, F(R) is 
proportional α [60]. 
There are various techniques to extract the band gap energy from diffuse reflectance 
measurements [61]. A simple way to determine the optical band gap is plotting of e.g. the 
reflectance or absorbance versus wavelength. The onset of the linear increase in diffuse 
reflectance/ absorbance is taken as the energy of the band gap. As pointed out by Lopez and 
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Gomez [62] and Nowak et al. [61] the band gap energy slightly depends on the graphic 
representation and the above mentioned technique does not lead to an accurate band gab 
energy. The optical band gap for LaFeO3 from diffuse reflectance spectra vary from 2.1 to 
3.85 eV [9,10,25,28,29,30,31,63]. Apart from different LaFeO3 samples with different particle 
sizes and synthesis routes the reason for these discrepancies also lie in the different graphical 
determination techniques. To accurately determine the band gap it is necessary to find the 
type of transition [61,64]. The McLean analysis [65,66] of the absorption edge was applied to 
find the type of transition and to determine the optical band gap by equation 2 [67]. 
 
αhν = k(hν − Eg)1/n (2) 
 
where k is an energy-independent constant, Eg the optical band gap. The exponent n is 
determined by the type of transition: n = 2 for direct allowed transitions, n = 2/3 for direct 
forbidden transitions, n = 1/2 for indirect allowed transitions and n = 1/3 for indirect 
forbidden transitions. Since F(R) is proportional to α (see above) the exponent n can be 
determined by plotting (F(R)⋅hν)n vs. hν. The best fit to a straight line near the absorption 
edge was found for n = 2 indicating a direct allow transition. Consequently, equation 2 can be 
transformed to: 
 
F(R)⋅hν = k(hν − Eg)1/2 (3) 
 
From a plot of (F(R)⋅hν)2 vs. hν (inset in Fig. 5) the band gap energy can be determined by 
extrapolating the slope to F(R) → 0. 
The band gap energy for powder 1a with a crystallite size of 37 nm was determined as 2.65(2) 
eV. The value of the band gap does not change significantly up to a calcination temperature of 
9 
1000 °C corresponding to a crystallite size of 166 nm (Tab. 3). An analogous result was also 
found for LaFeO3 powders prepared from a sol-gel synthesis [9].  
Ceramic bodies made from powder 1a show reduced band gaps (Tab. 3). Sintering at 1200 °C 
for 1 h results in ceramic bodies (S1-1) with grain sizes of 0.25 to 0.9 nm and the band gap 
was found to be 2.51(4) eV. Raising the sintering temperature to 1300 °C results in grains 
between 0.6−2.5µm (S3-1) and the optical band gap is downshifted to 2.13(1) eV. Higher 
sintering temperatures und thus larger grain sizes do not lead to a significant change of the 
band gap. Additionally, sintering with prolonged soaking time up to 10 h has no significant 
effect on the band gap energy. 
As shown the LaFeO3 powders with crystallites sizes between 37 and 166 nm has higher band 
gap energies than the coarse-grained ceramic bodies with grain sizes considerably larger than 
250 nm. It is a well-know effect that small particles tend to exhibit increased band gaps 
[32,33]. This effect allows to influences the colour and photocatalytic activities of the samples 
during the transition from micro to nano particles. 
 
 
Conclusion 
We investigated the magnetic and optical properties of nano-sized LaFeO3 powders prepared 
by decomposition of a starch-based (LaFe)-gel and ceramic bodies prepared from these 
powders. Calcination in air of the (LaFe)-gel from 570 to 1000 °C yield very fluffy phase-
pure LaFeO3 powders with crystallite sizes between 37 and 166 nm. The powders show 
pronounced M−H hysteresis loops. At 300 K the coercivity depends on the crystallite size and 
for particles with sizes of about 120 nm reaches maximum values of up to 32 kOe. In contrast 
very similar remanences around 0.2 emu/g, magnetization between 0.85 and 1.05 emu/g at 90 
kOe were obtained for all powders at 300 K. Magnetization measurements at 10 K revealed 
that the LaFeO3 powders show an exchange-bias like shift (∆Hc) of the hysteresis loops. A 
10 
maximum shift of 12 kOe was observed for a crystallite size of about 50 nm. The ceramic 
bodies show a drastic decrease of both remanence and coercivity values with increasing grain 
sizes, leading to Hc values down to 3 kOe. The M−H hysteresis loops show that no saturation 
up to a magnetic field of 90 kOe was reached for any of the samples, suggesting an anti-
ferromagnetic ordering of the spins. The optical band gaps were determined by means of 
diffuse reflectance spectra. Almost identical band gaps of 2.65 eV were determined for all 
powder samples. In contrast, ceramic bodies (grain sizes larger than 250 nm) show smaller 
band gaps between 2.51 and 2.12 eV, depending on the grain sizes.  
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Table 1 
Heat treatment, BET surface area and particle-/grain sizes of 
LaFeO3 powders and ceramic bodies  
Powder Calcination 
procedure 
SBET  
(m2/g) 
dBET 
(nm)1) 
dcryst 
(nm)2) 
1a 570 °C/ 2h 25.7 35 37 
1b 700 °C/ 2h 17.1 53 54 
1c 800 °C/ 2h 12.0 75 80 
1d 900 °C/ 2h 9.1 99 106 
1e 1000 °C/ 2h 6.5 139 166 
Ceramics3) Sintering 
procedure 
Relative 
density (%) 
Grain-size 
range (µm)4) 
S1-1 1200 °C/ 1h 50 0.25−0.9 
S2-1 1250 °C/ 1h 75 0.3−1.5 
S3-1 1300 °C/ 1h 91 0.6−2.5 
S4-1 1350 °C/ 1h 93 12−33  
S5-1 1400 °C/ 1h 95 15−36  
S6-1 1450 °C/ 1h 95 30−85  
S1-10 1200 °C/ 10h 69 0.5−1.7 
S2-10 1250 °C/ 10h 90 0.8−3 
S3-10 1300 °C/ 10h 95 2−7 
S4-10 1350 °C/ 10h 97 16−70  
S5-10 1400 °C/ 10h 98 22−94 
S6-10 1450 °C/ 10h 98 24−100 
1)  calculated from the specific surface area  
2) volume-weighted average crystallite size (Scherrer equation) 
3) prepared from powder 1a, the relative density is in relation to 6.64 g/cm3  
4) determined from SEM images 
 
 
Table 2 
Maximal magnetization (Mmax)1), coercivity (Hc) and remanence (Mr) of synthesized 
LaFeO3 powders and ceramics at 300 K and 10 K 
 
300 K  10 K 
Sample Mmax 
(emu/g)1) 
Hc 
(kOe) 
Mr 
(emu/g) 
 Mmax  
(emu/g)1) 
Hc 
(kOe)2) 
∆Hc 
(kOe)3) 
Mr 
(emu/g) 
powder 1a 1.05 19.5 0.23  1.36 14.4 7.0 0.27 
powder 1b 1.03 23.8 0.21  1.03 25.9 12.3 0.25 
powder 1c 0.86 28.3 0.20  1.01 27.1 7.0 0.23 
powder 1d 0.90 31.7 0.23  0.99 36.3 5.6 0.27 
powder 1e 0.85 29.6 0.20  0.92 34.4 4.4 0.24 
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ceramic S1-1 0.90 32.8 0.25  1.00 37.7  0.29 
ceramic S2-1 1.02 32.1 0.35  1.14 36.3  0.42 
ceramic S3-1 1.19 13.7 0.46  1.31 14.1  0.53 
ceramic S4-1 1.21 5.7 0.48  1.33 5.8  0.55 
ceramic S5-1 1.20 5.1 0.48  1.34 5.2  0.55 
ceramic S6-1 1.20 4.3 0.49  1.36 4.4  0.56 
ceramic S1-10 0.97 35.1 0.32  1.09 39.3  0.39 
ceramic S2-10 1.11 21.3 0.43  1.31 14.1  0.53 
ceramic S3-10 1.21 8.0 0.46  1.34 7.9  0.53 
ceramic S4-10 1.21 3.7 0.50  1.34 3.7  0.56 
ceramic S5-10 1.16 3.5 0.48  1.29 3.6  0.55 
ceramic S6-10 1.15 3.0 0.47  1.27 3.0  0.54 
1)
 magnetization at 90 kOe 
2)
 collected at negative field (absolute value) 
3)
 calculated from ∆Hc = 0.5(Hc(df) + Hc(if)) 
 
Table 3 
Optical band gaps of LaFeO3 powders and ceramics 
Sample Eg (eV) 
powder 1a 2.65(2) 
powder 1b 2.64(2) 
powder 1c 2.66(2) 
powder 1d 2.67(1) 
powder 1e 2.64(3) 
 
 
ceramic S1-1 2.51(4) 
ceramic S3-1 2.13(1) 
ceramic S6-1 2.12(1) 
ceramic S1-10 2.48(2) 
ceramic S3-10 2.17(2) 
ceramic S6-10 2.16(2) 
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